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ABSTRACT 


Members of the gastropod genus Ferrissia Walker, 1903, have a near-cosmopolitan distribu- 
tion in freshwater ecosystems. Five North American species, distinguished by conchological, 
habitat, and distributional details, are generally recognized. However, they can be difficult to 
diagnose in practice, and we aimed to comprehensively revisit their systematics and taxonomy 
using molecular phylogenies. Our primary result was congruent for all three genetic markers: 
two highly distinctive Ferrissia clades, each encompassing multiple nominal species, were 
widely distributed across North American watersheds in both lentic and in lotic habitats. One 
clade was restricted to North America and was exclusively composed of lotic F. rivularis (Say, 
1817) and lentic F. parallela (Haldemann, 1841). These two taxa exhibited geographic, rather 
than taxonomic, genetic structuring, strongly implying that they are conspecific and that F. 
parallela is a junior synonym of F. (Ferrissia) rivularis. The other clade contained three North 
American taxa, F. fragilis (Tryon, 1863) and putative specimens of F. mcneilli Walker, 1925, 
and F. walkeri (Pilsbry & Ferriss, 1907), in addition to the Hawaiian F. sharpi (Sykes, 1900), 
as well as multiple invasive Eurasian founder populations. All four taxa shared overlapping 
genotypes and shell phenotypes, prompting us to conclude that they are conspecific with F. 
fragilis having taxonomic priority. This New World species had robust phylogenetic links to 
Old World congeners, thereby enabling us to unite global septum-forming Ferrissia species 
under the subgenus Kincaidilla Hannibal, 1912. Ferrissia rivularis and F. fragilis differed in a 
number of conchological traits, including maximum body size, details of apex positioning and 
orientation, and the ability to form a septum. The two former traits were sufficient to distinguish 


sympatric populations. 
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INTRODUCTION 


North American freshwater limpets have been 
relatively understudied since Paul Basch's clas- 
sic body of work (Basch, 1959, 1960, 1962a, 
b, 1963a, b). Taxonomic uncertainty among 
anoylinid limpets, by far the most widespread 
and common constituent group, has contrib- 
uted to this neglect. It pervades the literature 
and it is quite common for ancylinid study taxa 
to be identified to generic (Morgan et al., 2002) 
or familial/subfamilial (Stewart et al., 1998; Mc- 
Mahon, 2004) status only. This unsatisfactory 
situation stems in part from inadequate taxo- 
nomic descriptions (Basch, 1963a; Jokinen, 
1978; McMahon, 2004) — see Burch (2009) 
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for a detailed compilation of original species 
descriptions — exacerbated by pronounced 
conchological plasticity (Basch, 1963a, b; 
Russell-Hunter et al., 1981; McMahon, 2004; 
Hovingh, 2004; Dillon & Herman, 2009). 

A number of recent molecular phylogenetic 
studies have helped put ancylinid systematics 
and taxonomy on a firmer footing, for example, 
excluding convergent freshwater limpet lineag- 
es (Albrecht et al., 2004), confirming the linkage 
with planorbids (Morgan et al., 2002; Albrecht et 
al., 2004; Walther et al., 20068), and detecting 
basal New World and Holarctic sister clades 
(Walther, 2006a). The phylogenetic placement 
of ancylinids within Planorbidae, in association 
with earlier anatomical work (Hubendick, 1978), 
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TABLE 1. Morphology and habitat of the five nominal species of North American Ferrissia recognized 


by Basch (1963). 


Nominal species 


F. rivularis 
(Say, 1817) 


F. parallela 
(Haldeman, 1841) 


F. fragilis 
(Tryon, 1863) 


Habitat & 
Shell characteristics Distribution Type Locality 
Robust, € 7 mm, elevated, elliptical ap- Rivers and Unknown rivu- 
erture, apex in midline or slightly to the streams across lets 
right. the U.S. 


Thin-shelled, large, < 9 mm, elevated and Lakes, northern 
very narrow, peritreme often arched, states and 
obtuse apex in midline. Canada 


Fragile & minute, < 4 mm, moderately el- Small bodies of 
evated or depressed, oval aperture, can standing water, 
form a septum, sub-acute or obtuse apex often temporary, 
in right-posterior quadrant. across the U.S. 


New England 


Laguna Honda, 
California 


F. walkeri Thin-shelled, < 6 mm, usually depressed, Ponds and lakes, Leafy fish pond 
(Pilsbry & Ferriss, 1907) oval aperture, apex subacute, often far Arkansas, Michi- in Rogers, 
into the posterior-right quadrant. gan, southern Benton Co., 
California Arkansas 
F. mcneilli Fragile, < 5 mm, very much depressed, Streams, Mobile Mandeville 
Walker, 1925 often a glossy red-brown color, apex a Bay drainage, Creek, Mobile 
rounded bump in right-posterior quad- Alabama Co., Alabama 


rant. 


has prompted the taxonomic revision of these 
limpets from familial (Ancylidae) to subfamilial 
(Ancylinae) status (Albrecht et al., 2007; Strong 
et al., 2008). Molecular phylogenies have also 
proven useful for ancylinid biodiversity studies, 
for example, taxonomic revision of the genus 
Laevapex (Walther et al., 2006a) and detection 
of cryptic endemic (Pfenninger et al., 2003; 
Albrecht, 2006) and invasive (Walther et al., 
2006b, c) species. 

The ancylinid genus Ferrissia Walker, 1903, 
has been recorded from lentic and lotic fresh- 
water habitats across North America and on 
every continent except Antarctica (Basch, 
1963a; Hubendick, 1964; Clarke, 1973; Gómez 
et al., 2004; Thiengo et al., 2004). The genus 
is characterized by an apical microsculpture 
of fine radiating grooves formed during em- 
bryogenesis (Walker, 1903; Basch, 1963a; 
Hubendick, 1964), a flagellum-bearing simple 
penis (Hoff, 1940; Basch, 1963a; Hubendick, 
1964), and a single-lobed pseudobranch that 
bears the anus (Hoff, 1940; Basch, 1963a). 
Hubendick (1964) established New World and 
Old World subgenera (respectively Ferrissia 
and Pettancylus) based on details of penial 
complex morphologies. 

Basch (1963a) synonymized over 20 nominal 
North American Ferrissia taxa into five species 


(F. rivularis, F. parallela, F. fragilis, F. walkeri, 
and F. mcneilli) distinguished by details of 
their shell morphologies and their habitats and 
distributions (Table 1). He was very aware of 
ecophenotypic conchological variation and 
the potential difficulty this posed for diagnoses 
based on fine-scale conchological features 
(Basch, 1963b). Consequently, habitat fidelities 
(lotic for F. rivularis and F. mcneilli, lentic for F. 
fragilis, F. parallela and F. walkeri) are critical 
attributes of his taxonomic scheme. However, 
Basch (1963a) was open to the possibility of 
evolutionary transition among habitats, specu- 
lating that the lentic taxa F parallela and F. walk- 
eri may have evolved from an ancestral lotic F. 
rivularis lineage. With a few minor exceptions, 
for example, F. fragilis synonyms (Thompson, 
1999), Basch's (1963a) taxonomy of North 
American Ferrissia has generally remained 
widely accepted (Clarke, 1973; Jokinen, 1978; 
Hovingh, 2004; Fritz & Feminella, 2006; Pyron 
et al., 2008). Nevertheless, multiple authors 
report inconsistencies, including the occur- 
rence of species morphotypes in ostensibly 
ectopic habitats — e.g., lotic F. walkeri (Hovingh, 
2004) and £. fragilis (Pyron et al., 2008 — and 
the difficulty of distinguishing F. fragilis and F. 
walkeri (Jokinen, 1978), a shortcoming also 
acknowledged by Basch (1963a). 
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A small number of Ferrissia fragilis, F. rivularis 
and F. parallela have been included in previ- 
ous molecular phylogenetic studies (Walther 
et al., 2006a, b, c). All three taxa placed in a 
robust ancylinid clade comprising the genera 
Ferrissia, Rhodacmea, and Ancylus. However, 
the three congeners were not monophyletic: 
F. rivularis and F. parallela exhibited a very 
close phylogenetic relationship, but F. fragilis 
was topologically disjunct, being either weakly 
sister to Rhodacmea and Ancylus or forming 
part of a basal ancylinid polytomy (Walther et 
al., 2006a, b). Ferrissia fragilis appears to lack 
North American sister taxa and has complex 
phylogenetic ties to Old World Ferrissia popula- 
tions, including an apparent sister relationship 
with African F. cf. clessiniana (Jickeli, 1882) 
(Walther et al., 2006b), as well as cryptic, 
and frequently misidentified, invasive founder 
populations in Europe and Asia (Walther et 
al., 2006b). In contrast with the above studies, 


B Frivularis 

@ F fragilis 

6 F. rivularis and 
F. fragilis 

* F. parallela 


. Mexico 


Dillon & Herman (2009) recently proposed syn- 
onymization of F. rivularis and F. fragilis based 
on allozymic and morphometric analyses of 
two South Carolina lotic populations, one from 
a fast flowing river, the other a languid creek. 
They reached this conclusion despite acknowl- 
edging that exemplar specimens forwarded 
to us for genotyping from both of their study 
populations placed unambiguously within the 
F. fragilis clade (Dillon & Herman, 2009). 

Our goal in this study was to revisit North 
American Ferrissia taxonomy using molecular 
phylogenetic datasets generated from an ex- 
tensive sampling of continental populations. 
Our data indicate that Basch's (1963a) taxo- 
nomic scheme requires further consolidation: 
only two species, F. rivularis and F. fragilis, 
appear to be phylogenetically supportable. 
Both taxa are widespread in continental lentic 
and lotic habitats, and we provide guidelines 
for distinguishing them morphologically. 


repa, 
Mexico. 


FIG. 1. Map showing the approximate locations of our North American Ferrissia species sampling 
localities; Table 2 has detailed locality information. Samples were identified using Basch's (1963a) 
morphological criteria, but note that we were unable to unambiguously identify specimens of Ferrissia 
walkeri or F. mcneilli. Sampling sites at, or near, type localities are identified numerically: 1 = Ancylus 
oregonensis (syn. F. rivularis), 2 = Gundlachia californica (syn. F. fragilis), 3 = A. walkeri (syn. F. walkeri), 
4 = F. michiganensis (syn. F. walkeri), 5 = F. bartschi (syn. F. fragilis), 6 = F. mcneilli, 7 = Ancylus (F.) 
hendersoni (syn. F. fragilis), 8 = presumed F. rivularis type locality, 9 = Ancylus ovalis (syn. F. rivularis), 
10 = Ancylus borealis (syn. F. rivularis). 
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MATERIALS AND METHODS 
Specimen Collection 


Ferrissia populations were sampled from a 
diversity of lentic and lotic habitats throughout 
the eastern U.S. as well as from Pacific Coast 
drainages from California to British Columbia 
(Fig. 1; Table 2). Our initial aim to collect from 
topotypic populations was compromised by 
either an absence of meaningful type locality 
information (F. rivularis and F. parallela; Table 
1), or vague locality information coupled with 
extensive subsequent landscape changes that 
rendered it impossible to confidently resample 
the actual type localities (F. fragilis, F. mcneilli 
and F. walkeri; Table 1), We ameliorated these 
shortcomings by obtaining samples from: (1) 
populations as close to type localities as pos- 
sible (e.g., Benton County, Arkansas, ponds 
for F. walkeri); (2) still tractable sites where the 
target taxon had been reliably sampled, e.g., 
Eslava Creek, Alabama, the source of UMMZ 
161631 F. mcneilli sampled by McNeill and iden- 
tified by Walker; (3) type localities of F. fragilis, F. 
rivularis and F. walkeri synonyms (Fig. 1; Table 
2). We also incorporated new extra-continental 
samples of Ferrissia (the putative endemic F. 
sharpi from Hawaii and suspected invasive F. 
fragilis from the Azores and France), as well as 
a North American ancylinid, Hebetancylus ex- 
centricus that had been unavailable during our 
previous studies (Walther et al., 20068, b, c). All 
specimens were preserved in 95% ethanol. 

Individual limpets were assigned to the genus 
Ferrissia based on their possession of diagnosic 
radial apical microsculpture (Basch, 1963a; 
Burch, 1988), and species identifications were 
made based on available keys and descriptions 
(Basch, 1963a; Table 1), in addition to com- 
parison with holotype material (Fig. 2). Note, 
however, that the F. parallela holotype is much 
smaller than the maximum adult size (9 mm in 
length; Basch, 1963a) for this species, and the 
F. fragilis holotype is partially damaged (Fig. 2). 
Basch (1963a) emphasized that his Ferrissia 
key applied to adult specimens only and that 
sub-adults might well prove intractable. We con- 
cur: his key readily identified larger specimens 
of F. rivularis in rivers, F. parallela from northern 
ponds and lakes and F. fragilis from ponds and 
lakes throughout the U.S. Small specimens 
proved more difficult, and many of the limpets 
« 4 mm in length sampled from the slower- 
moving sections of creeks and rivers resembled 
F. fragilis. We had significant problems identify- 


ing unambiguous members of the remaining two 
species. Basch’s (1963a) description of F. mc- 
neilli is perfunctory and includes no diagnostic 
characters to distinguish it from F. fragilis except 
habitat: respectively Mobile, Alabama, area 
streams versus ponds/ditches continent-wide. 
Our Mobile, Alabama, stream samples matched 
Basch's (1963a) description of F. fragilis. Basch 
(1963a) differentiated F. walkeri from F. fragi- 
lis by the former’s larger size and habitat of 
larger bodies of standing water — however, the 
former’s type locality is a pond (Table 1) — but 
we concur with Jokinen (1978) that the species 
descriptions overlap and that it is very difficult 
to confidently distinguish these two taxa. Our 
samples from F. walkeri near-topotypic (Benton 
County, Arkansas) and toposyntypic (Berrien 
County, Michigan) locations best fit Basch’s 
(1963a) F. fragilis description, and none of our 
extensive sampling of North American Ferrissia 
populations have, to date, recovered unambigu- 
ous specimens of F. walkeri. 


Molecular & Phylogenetic Methods 


DNA was extracted and target fragments of 
three genes — 808 nt (aligned) of nuclear ribo- 
somal large-subunit (28S), 639 nt (aligned) of 
nuclear ribosomal second internal transcribed 
spacer (ITS-2) and 671 nt of mitochondrial mt 


cytochrome oxidase | (COI) — were amplified 


and directly sequenced (both strands) using the 
molecular techniques and primer pairs detailed 
in Walther et al. (2006a). Edited sequences 
for each gene fragment were aligned using 
ClustalW (Thompson et al., 1994), implemented 
in Sequence Navigator (Applied Biosystems, 
Foster City, California), and refined manually. 
Novel genotypes were assembled in a NEXUS 
format using Sequence Monkey 2.9.0 (available 
at http://sequence_monkey.tripod.com) and they 
have been deposited in GenBank (GU391035-— 
GU391217). 

PAUP* 4.0b10 (Swofford, 2003) and MrBayes 
3.0b4 (Ronquist & Huelsenbeck, 2003) were 
employed for phylogenetic analyses. Maximum 
parsimony searches were heuristic, with equal 
character weighting, inferred sequence gaps 
coded as missing data, 100 random stepwise 
additions, and tree-bisection-reconnection 
(TBR) branch-swapping. Bootstrap (Felsen- 
stein, 1985) branch support (BS) levels were 
estimated with 100 replicates, 100 random ad- 
ditions each. The nearest-neighbor interchange 
(NNI) branch-swapping algorithm was employed 
for generating ITS-2 bootstrap support, though 
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F. rivularis imm. 
ANSP 21982 


F. parallela 
ANSP 21996 


F. fragilis 
ANSP 22011 


F. walkeri 
ANSP 87479 


F. mcneilli 
UMMZ 161631 


FIG. 2. Lateral and dorsal photographs of museum type and reference shells for the five North American 
Ferrissia species recognized by Basch (1963a). The F. parallela, F. fragilis, and F. walkeri specimens 
shown are holotypes; the F. rivularis specimen is a syntype; and the F. mcneilli was collected by L. H. 
McNeill near the taxon's type locality and identified by Walker. 
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TABLE 2. Taxonomy, sampling location, location code, genotype information (# individuals sequenced/# 
unique genotypes obtained), and voucher information (University of Michigan Museum of Zoology 
[UMMZ] number, unless otherwise noted) for the ancylinid study populations. North American taxa were 
identified using Basch’s (1963a) morphological criteria, but note that we were unable to unambiguously 
identify specimens of Ferrissia walkeri or F. mcneilli. Samplings sites at, or near, type localities are 
indicated in bold. 


Taxon Locality [with coordinates if known] Code 28S COI ITS2 Catalog £ 
Ferrissia Black River, northeast of Littlerock, Thurston Co., WAB - 2/1 1/1 301123 
rivularis Washington 


[46.9186°N; 123.0011°W] 


Black River, just south of Mumby, Thurston Co., WAC 1/1 372 1/1 301124 
Washington 
[46.8678°N; 123.0178°W] 


Black Lake Ditch, west of Tumwater, Thurston WAD - 2/1 1/1 * 3025 
Co., Washington 
[47.0017°N; 122.9525*W] 


Black River, Littlerock, Thurston Co., Washington WAL - 4/1 i 301126 
[46.9014°N; 123.0172°W] 
Small tributary (of Black River?), north of Little- WAS - 4/3 - 301127 


rock, Thurston Co., Washington 
[46.9186°N; 123.0178°W] 
Battle Creek south of Salem, Marion Co., Oregon ORB - 4/2 - 301128 
[44.8514°N; 123.0517°W] 
*near Ancylus oregonensis (syn. F. rivularis) 


type locality 
Mill Creek in The Dalles, Wasco Co., Oregon ORL as le tz eo 6/2 301202 
[45.6006°N; 121.1853*W] 301205 
Mill Creek, southwest of The Dalles, Wasco Co., ORM 11 53 1/1 — 901129 
Oregon 
[45.5678°N; 121.2342?W] 
Pudding River, east of Salem, Marion Co., ORP - 4/2 - 301130 
Oregon 


g 
[44.9511°N; 122.8667°W] 


Willamette River, southwest of Salem, Marion ORW 1/1 52 1/1 3031 
Co., Oregon 
[44.8675°N; 123.1353*W] 


Feather River at Oroville Wildlife Area, south of CAF 1/1 1/1 2/1 301192 
Oroville, Butte Co., California 
[39.4511?N; 121.6022°W] 

Missouri, USA MOA - - 5/1 304] 78 


Little River, Huntington, Huntington Co., Indiana INL — 1/1 194 11 301178 
[40.8681°N; 85.5011°W] 


AuSable River, Crawford Co., Michigan MIA 1411 1/1 1/1 300224 
[44.6648°N; 84.6419°W] 

Fleming Creek, Washtenaw Co., Michigan MIF - 5/2 - 300280 
[42.3050°N; 83.6617°W] 

Small tributary entering Crystal Lake, Benton ARL 3/1 - 3/1 301194 


Co., Arkansas 
[36.3352°N; 94.4338°W] 


Little Cahaba River, Bibb Co., Alabama ALK 11 2H - 300226 
[33.0545°N; 86.9703°W] 
Oaks Creek, Toddsville, Otsego Co., NY NYO - 2/2 2/1 301134 


[42.8670°N; 74.9572°W] 


(continues) 


(continued) 


Taxon 


F. parallela 


F. fragilis 


Locality [with coordinates if known] 
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Briar Creek, just west of Berwick, Columbia Co., PAB 
Pennsylvania 


[41.0456°N; 76.2851°W] 


Susquehanna River, Watsontown, Northumber- PAS 


land Co., Pennsylvania 
[41.0773°N; 76.8587°W] 


*presumed Ancylus rivularis (syn. F. rivular- 


is) type locality, according to Basch(1963a) 


New River, Giles Co., Virginia VAN 
[37.3150°N; 80.6433°W] 

Androscoggin River, West Bethel, Oxford Co., MEA 
Maine 


[44.4068°N; 70.8612°W] 
*near Ancylus ovalis (syn. F. rivularis) type 


locality 


Fish Stream, Patten, Penobscot Co., Maine MEF 


[45.9925°N; 68.4413°W] 


Rockabema Stream, just southwest of Medway, MEO 


Penobscot Co., Maine 
[45.5946°N; 68.5482°W] 


Maine 


Rowe Brook, just west of Patten, Penobscot Co., MER 


[46.0013°N; 68.4784°W] 
*near Ancylus borealis (syn. F. rivularis) 


type locality 
Sweets Pond, Mansfield, Bristol Co., Massachu- MAS 


setts 


[41.9895°N; 71.2550°W] 


Canada 


Pond on North Pender Island, British Columbia, BC 


[48.7358°N; 123.2356°W] 


Douglas Lake, Cheboygan Co., Michigan MIL 


[45.5797°N; 84.6713°W] 


Duck Island, Chippewa Co., Michigan MID 


[46.3667°N; 84.1347°W] 


Vermont 


Joe’s Pond, West Danville, Caledonia Co., VTJ 


[44.4096°N; 72.2019*W] 


Kettle Pond, Lanesboro, Caledonia Co., Vermont VTK 


[44.2964°N; 72.3077°W] 


Beaver Dam Pond in Acadia National Park, Mt. MEB 


Desert Island, Hancock Co., Maine 
[44.3623°N; 68.1956°W] 


Maine 


Hamilton Pond, Mt. Desert Island, Hancock Co., MEH 


[44.4273°N; 68.2843°W] 


Edendale Creek, north of Merced, Merced Co., CAE 
California 


[37.4189°N; 120.5011°W] 


Code 28S 


1/1 


1/1 


1/1 


1/1 


COl 
1/1 


1/1 


1/1 


4/2 


5/2 


4/1 


2M 


4/2 


4/1 


4/1 


4/2 
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ITS2 Catalog £ 


1/1 


1/1 


1/1 


1/1 


391199 


301135 


300225 


301136 


soar 


301138 


301139 


301201 


301181 


300229 


301180 


301140 


301141 


301142 


301143 


301144 


(continues) 
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Taxon 
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Locality [with coordinates if known] 


Merced River at Henderson Park, north of Mer- 
ced, Merced Co., California 
[37.5175 Ne 120 4172 V] 
*near Gundlachia californica (syn. F. fragi- 
lis) type locality 


Yosemite Lake, northeast of Merced, Merced 
Co., California 
[37.3683^N; 120.4178°W] 


Mexico, Veracruz, Xalapa, Jardin Botanico 
Clavijero 


Small creek above Burden Falls at Shawnee 
National Forest, Illinois 
[37.5634^N; 88.6422°W] 


Pickerel Lake, Washtenaw Co., Michigan 
[42.4097°N; 83.9838"W] 


Stream west of Harbert, Berrien Co., Michigan 
[41.8733°N; 86.6371°W] 
*at F. michiganensis (syn. F. walkeri) type 
locality 


Small tributary entering Crystal Lake, Benton 
Co., Arkansas 
[36.3352°N; 94.4338°W] 
*near Ancylus walkeri (syn. F. walkeri) type 
locality 


Lake Maxinkuckee, Culver, Indiana 


[41.1839°N; 86.3850°W] 
*F. bartschi (syn. F. fragilis) type locality 


Big Creek, south of Dothan, Houston Co., Ala- 
bama 
[31.0730°N; 85.4127?W] 

Cahaba River at Booth’s Ford, Shelby Co., 


Alabama 
[3371853^N:;87:0015*WW] 


Cahaba River at CR 52 Crossing, Shelby Co., 
Alabama 
[33.2842°N; 86.8828°W] 


Cahaba River, Centreville, Bibb Co., Alabama 
[32.9448°N; 87.1405°W] 


Eslava Creek, Mobile Co., Alabama 
[30.6793^N; 88.1464°W] 
*near F. mcneilli type locality 


Mouth of Eslava Creek at Eslava Lake, Mobile 
Co., Alabama 
[30.6787°N; 88.1529°W] 
*near F. mcneilli type locality 


Big Brush Creek, Wedgeworth, Hale Co., Ala- 
bama 
[32.8172°N; 87.7506°W] 


Conecuh River, between Fairfield and Brooklyn, 
Covington Co., Alabama 
[31.1856^N; 86.6689°W] 


Code 
CAM 


CAY 


MXV 


ILB 


MIP 


MIW 


ARL 


INM 


ALA 


ALB 


ALC 


ALD 


ALE 


ALF 


ALG 


ALH 


28S COI 


1/1 


2/1 


1/1 


1/1 


4/2 


5/3 


1/1 


2/1 


2/2 


1/1 


1/1 


1/1 


2/1 


2/1 


1/1 


5/1 


1/1 


2/1 


2/2 


2/2 


ITS2 Catalog £ 


301145 


301146 


UGSB 
1206 


301182 


300227, 
301174 


301184 


301193 


301176 


301154 


300192 


300193 


301155 


301164 


301166 


301156 


301157 


(continues) 
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(continued) 


Taxon Locality [with coordinates if known] Code 28S COI ITS2 Catalog # 

Limestone Creek, Limestone Co., Alabama ALL - 1/1 WA 301138 
[34.6269°N; 86.8840°W] 

Choctawhatchee River, Eunola, Geneva Co., ALR - 2/1 2 904159 
Alabama 
[31.0294°N; 85.8538°W] 

Yellow River, Covington Co., Alabama ALY - 3/3 2/14 = 304450 
[31.3577°N; 86.3421°W] 

Mulberry Fork of Black Warrior River, Bangor, ALZ - - 14 307161 


Blount Co./Cullman Co., Alabama 
[33.9975°N; 86.7494?W] 


Lake Waccamaw, NC, USA NOW  - - 22 ONUS 
[34.3066°N; 78.4957°W] 
*Ancylus (F.) hendersoni (syn. F. fragilis) 
type locality 

North Saluda River at Les Mullinax County SCA 2/1 - 2/| S097 
Park, northeast of Lima, Greenville Co., South 
Carolina 
[35.127 1?N; 82.4264°W] 


Potato Creek, southwest of Davis Station, Clar- SCP 2/1 - 2/1 301185 
endon Co., South Carolina 
[38:57 99*N; 602926 VV] 


Salkehatchie River, Barnwell Co., South Carolina SCS - 1/1 - 300228 
[33.2370°N; 81.4020°W] 


Laurel Lake, just west of Mattituck, Suffolk Co., mL 21 .2/1 - 301147 
New York 
[40.9778°N; 72.5562°W] 


Lake Morey, Fairlee, Orange Co., Vermont Ve ww | 1/1 301148 
[43.9264^N; 72.1417*W] 


Mill Pond, Windsor, Windsor Co., Vermont VTM 1/1 T1 1/1 301149 
[43.4761°N; 72.3976*W] 


Sweets Pond, Mansfield, Bristol Co., Massachu- MAS 1/1 1/1 - 301200 
setts 
[41.9895°N; 71.2550°W] 


Quinebaug River, Plainfield, Windham Co., Con- CTQ - 1/1 11 — 9971599 
necticut 
[41.7471°N; 71.9142°W] 


Penobscot River, northwest of Medway, Penob- MEP 1/1 2/1 - 3014591 
scot Co., Maine 
[45.6149°N; 68.5392°W] 


Little Falls Branch, Maryland MDL - 1/1 6/1 301186 
[38.9441°N; 77.1169*W] 
Impoundment of North Mosquito Creek at Cy- FLM E 1/1 117 3085 


press Cove Nature Park, Gadsden Co., Florida 
[30.7358°N; 84.804 7*W] 


Sao Miguel Island, Azores AZOR 1/1 1/1 1/1 301196 

Basin of Arcachon, south of Le Teich, France France  - 4/1 - 301197 

Subsidence pond in Upper Silesia, southern Poland  - 4/1 - 300279 
Poland 

Chi-Chi, Nantou Co., Taiwan Taiwan  - 2/1 2/1 300278 

Alimodian, lloilo Prov., Panay Island, Philippines Philip-  - 2/1 2h" 300276 


pines 


(continues) 


34 WALTHER ET AL. 


(continued) 
Taxon Locality [with coordinates if known] Code 28S COI ITS2 Catalog # 
F. sharp! Lulumahu Stream, Nuuanu Valley, Oahu, Hono- HIO - 1/1 T4 304049) 
lulu Co., HI 
[21.3461°N; 157.8209°W] 
Laevapex Osage Creek, Benton Co., Arkansas ARO 1/1 - - 301195 
fuscus [36.1972°N; 94.3377°W] 
Marsh at the south end of Lake Maxinkuckee, INM 2/1 - - JO 
Culver, Indiana 
[41.1839°N; 86.3850°W] 
Perry Lake at Perry Lakes Park, Marion, Perry ALP 1/1 - - 301163 
Co., Alabama 
[32.6974°N; 87.2434°W] 
Corn Creek Shoals, Coosa River, Elmore Co., ALS 1/1 - - 301198 
Alabama 
[32.5519°N; 86.2011°W] 
Pickerel Lake, Washtenaw Co., Michigan MIP "1 «6 1/1 300206 
[42.4097°N; 83.9838°W] 
Passaic River near Two Bridges, New Jersey NJP 1/1 - - 301152 
[40.8858°N; 74.2689*W] 
Wading River, Mansfield, Massachusetts MAW 1/1 - - 301153 
[41.9894°N; 71.2548°W] 
Big Cypress Bend, Florida State Park, Collier PEB -1/1 - - 300218 
Co., Florida 
[25.9418°N; 81.4695°W] 
Lake Helen (Helena), Volusia Co., Florida REH "9/2 - - 301189 
[28.9850°N; 81.2303°W] 
Impoundment of North Mosquito Creek at Cy- FLM 6/1 - - 301185 
press Cove Nature Park, Gadsden Co., Florida 
[30.7358°N; 84.8047°W] 
Hebetancylus Eslava Creek, Mobile Co., Alabama ALE - 1/1 - 301165 
excentricus [30.6793°N; 88.1464°W] 
Eslava Lake, Mobile Co., Alabama ALF - 1/1 - 301167 
[30.6787°N; 88.1529°W] 
Lake Helen (Helena), Volusia Co., Florida Ms 2/14 1/1 - 301188 
[28.9850°N; 81.2303°W] 
Lake Talquin, west of Tallahassee, Leon Co., BT Ser - - 301190 
Florida 
[30.4389°N; 84.5304°W] 
Uncancylus Lago Ranco, Chile CEL 1⁄1 - - UGSB 
sp. (?) [40.1910°S; 72.2606°W] 1201 


TBR was used for the other datasets. For 
maximum likelihood (ML) analyses, the best-fit 
model for each of the four datasets (TVM+I+G 
for 28S and COI, TVM+I for ITS-2) was obtained 
in Modeltest 3.06 (Posada & Crandall, 1998). 
In each case, one of the MP trees was used as 
a starting tree with the TBR branch-swapping 
algorithm in PAUP*. Bootstrap support values 
were generated using a fast-heuristic search with 
100 replicates. Bayesian searches were run for 


1x106 generations in MrBayes 3.0b4 (Ronquist 
& Huelsenbeck, 2003) using the same best-fit 
model as in the ML analyses. Posterior probabili- 
ties were calculated by creating a majority-rule 
consensus for every 100th tree after burn-in of 
the first 3000 trees using PAUP*. Parsimony 
networks for three mt COI tip-clades of North 
American Ferrissia were constructed using the 
statistical parsimony (Templeton et al., 1992) 
method in TCS 1.21 (Clement et al., 2000). 


NORTH AMERICAN FERRISSIA 


RESULTS 
Molecular Phylogenies 


The addition of a large number of novel 
North American Ferrissia 28S nuclear rDNA 
genotypes to the Walther et al. (2006a) data- 
set did not result in any significant topological 
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changes (Fig. 3). The same two Ferrissia 28S 
lineages were recovered: one containing a 
single genotype common to F. rivularis and F. 
parallela specimens sampled across the con- 
tinent; the other comprised of three genotypes, 
all recovered from F. fragilis specimens, the 
most common of which was also present in 
near-topotypic populations of putative F. mc- 
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FIG. 3. Bayesian consensus phylogram for our nuclear 28S rDNA dataset. Siphonaria pectinata served 
as the outgroup, and non-novel genotypes obtained from GenBank are indicated by their terminal ac- 
cession numbers. The taxonomic names and location codes are given for novel ancylinid sequences; 
Table 2 has detailed sampling location information. If >1 individual/location bore a genotype, this number 
is indicated in parentheses. In the F. fragilis clade, SCA2 (2) represents the two genotyped limpets 


sourced from Dillon & Herman's (2009) North Sa 


luda River study population. Bayesian posterior prob- 
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FIG. 4. A maximum parsimony phylogenetic tree for the North American Ferrissia species mt COI dataset 
presented together with unrooted statistical parsimony networks for each of the mt COI tip clades. The 
tree topology shown was one of the 5000 most parsimonious trees saved, but it only differed in within-tip 
clade branching order from the strict consensus tree. Acroloxus lacustris and A. coloradensis served as 
outgroups. Table 2 has location codes for all novel genotypes. If >1 individual/location bore a genotype, this 
number is indicated in parentheses. Non-novel genotypes obtained from GenBank are indicated by their 
terminal accession numbers. Bayesian posterior probabilities appear below the branches with maximum 
parsimony (top) and maximum likelihood (middle) bootstrap support values also presented. In the unrooted 
networks, the size of each oval corresponds to the total number of individuals sharing a haplotype. 


NORTH AMERICAN FERRISSIA 37 


BC4* 
WAB1 
79] WAC1 
ed WAD1 EC à 
99| WALI Ferrissia rivularis & 
53l} CAF1 (2) *F. parallela 
x ORM1 Western genotypes 
ORW1 
ORL4 
ORL10 
ORL1 
ORL5 
go] | ORL7 
98 <50 ORL16 
55 ARL2 (5) 
78 INL 1 
MIA4 
PAB1 F. rivularis & 
PAS1 *F. parallela 
B NYO1 (2) Eastern genotypes 
86 VEJ1* 
MEO 
66 MIL3 
= MEH1* 
g VTK1 
90} MEF1 
Ji MER1 
CAM1 
MIWA (57 
98 VTL1 
dd VTM1 
CTQ1 
54 MDL1 (6) 
E ALD2 
AZOR2 
j SEP5 (2) 
= MXV1 
ALF14 
MIP1 (2) 
ALE24 
ARL1* 
HIO1* F. fragilis 
Philippines2 (2) [& ^F. mcneiili, 
<50 jme (2) *F. walkeri topotype, 
100 78 ALR (2 *F. sharpi] 
DO 
a0fl ALH2 
64 ALY1 (2) 
ILB1 (4) 
FLM4 
NCW5 
NCW4 
ALG1 
ALH1 
ALL2 
ALZ1 


Laevapex fuscus (DQ328300) 
=m  ().005 substitutions/site 


FIG. 5. Bayesian phylogram of the nuclear second internal transcribed spacer (ITS-2) dataset with 
Laevapex fuscus designated as the outgroup. Table 2 has sampling location codes information. If > 
1 individual/location bore a genotype, this number is indicated in parentheses. In the F. fragilis clade, 
SCA2 (2) represents the two genotyped limpets sourced from Dillon & Herman's (2009) North Saluda 
River study population. Bayesian posterior probabilities appear below the branches with maximum 
parsimony (top) and maximum likelihood (middle) bootstrap support values also presented. Four Or- 
egonian specimens that share a Ferrissia rivularis Eastern genotype are in bold. 
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neilli and F. walkeri. As in the previous study, 
the two Ferrissia lineages were paraphyletic for 
this marker, the F. fragilis clade being weakly 
sister with the tip Ancylus/Rhodacmea tip clade 
for maximum parsimony, maximum likelihood 
and Bayesian analyses. The only other signifi- 
cant addition to the Walther et al. (2006a) 28S 
dataset was the inclusion of the Hebetancylus 
excentricus genotypes (Fig. 3). This placed 
within the Laevapecini clade, but sister to South 
American Uncancylus and Gundlachia taxa 
rather than the co-occurring North American 
Laevapex fuscus. 

The large nuclear ribosomal (28S) gene is 
relatively conserved, and much finer-scale 
phylogenetic resolution can be provided by 
protein-coding mitochondrial genes (Lee & 
Ó Foighil, 2005) and, to a lesser degree, by 
faster-evolving internal transcribed spacer 
(ITS) regions of the nuclear ribosomal gene 
complex (Hillis & Dixon, 1991; Lee & O Foig- 
hil, 2005). We genotyped our limpet samples 
for mt COI and ITS-2 markers and found that 
their phylogenetic analyses (Figs. 4, 5) did 
not change the primary conclusions evident 
in our 28S ribosomal trees (Fig. 3). Two highly 
distinctive clades of North American Ferrissia 
were also recovered for each marker; one 
composed of limpets identified as F. rivularis 
and F. parallela, the other containing F. fragilis 
and near-topotypic populations of putative F. 
mcneilli and F. walkeri. 

The higher resolution provided by mt COI did 
yield qualitatively new phylogenetic information 
in the form of conspicuous geographic structur- 
ing within the F. rivularis/parallela clade (Fig. 4). 
Both nominal taxa in Pacific drainages formed 
an exclusive mt COI Western Clade, whereas 
specimens in eastern drainages formed a cor- 
responding Eastern Clade (Figs. 4, 5). Note 
that the mt genetic structuring was geographic 
rather than taxonomic: within each regional 
clade, individual haplotypes were shared by 
limpets identified, according to Basch's (1963a) 
criteria, as F. rivularis and F. parallela (Figs. 4, 
5). The only exception to this regional structur- 
ing was one western sampling site (ORL; Table 
2) where some F. rivularis specimens carrying 
Eastern Clade haplotypes were recovered in 
sympatry with Western Clade conspecifics. 
Although sympatric ORL limpets bearing the 
respective mt lineages appeared morphologi- 
cally indistinguishable (Fig. 6), nuclear ITS-2 
genotypes corroborate the mt results. Ferrissia 
rivularis and F. parallela specimens bearing 
Western Clade mt genotypes produced an ex- 
clusive ITS-2 tip clade (Fig. 5), and there was 


agreement among mt and nuclear markers for 
six ORL £ rivularis (2 Western Clade, 4 Eastern 
Clade) genotyped for both COI and ITS-2. 

The mt COI dataset incorporated sequences 
from a wide variety of ancylinid taxa and one 
of these, a Ferrissia (Pettancylus) sp. hap- 
lotype sampled from Queensland, Australia 
(EF012180; Albrecht et al., 2007), was robustly 
sister to the predominantly Ferrissia fragilis 
clade (Fig. 4). However, basal Ancylini mt COI 
nodes were poorly supported irrespective of the 
phylogenetic optimality criterion employed. In 
maximum parsimony trees, the predominantly 
Ferrissia fragilis clade + Ferrissia (Pettancylus) 
sp., was weakly (BS = 55) sister to F. rivularis 
(Fig. 4), although it was weakly (PP = 57) sister 
to an Ancylus/Rhodacmea tip clade in Bayesian 
and maximum likelihood trees. 

Limpets matching F. fragilis's general concho- 
logical description (Tryon, 1863; Basch, 1963a) 
occurring throughout North America in lotic 
(creeks and rivers) as well as lentic (ponds and 
lakes) habitats, formed a robustly supported 
shallow clade (Figs. 3—5). It also included 
genotyped specimens from near-topotypic 
populations of putative F. walkeri (Benton Co., 
Arkansas; Berrien Co., Michigan) and puta- 
tive F. mcneilli (Eslava River and Eslava Lake, 
Alabama), both of which shared individual mt 
COI haplotypes with F. fragilis specimens (Fig. 
4). Comparison of our genotyped Eslava speci- 
mens with those collected there by McNeill and 
identified by Walker as F. mcneilli showed that 
they possessed overlapping shell phenotypes 
(iur. 

The predominantly F. fragilis clade lacked 
obvious geographic structuring, and Alabama 
samples were present throughout the mt COI 
and nuclear ITS-2 topologies (Figs. 4, 5). A 
notable feature, however, was the presence 
of multiple founder populations in Europe and 
Asia (Figs. 4, 5), discussed in detail by Walther 
et al. (2006b). Our novel data detected two 
additional founder populations on oceanic 
island archipelagoes: Azorean Ferrissia and 
our single specimen of F. sharpi. The latter 
taxon, a Hawaiian putative endemic, shared a 
mt COI haplotype with multiple Californian F. 
fragilis specimens, though it was distinct from 
the shared haplotype linking another subset of 
Californian F. fragilis with founder populations 
in Taiwan and the Philippines (Fig. 4). 


Clade-Specific Shell Phenotypes 


Although all three genes employed readily 
differentiated the two main lineages of Fer- 
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FIG. 6. Photographs of representative shell vouchers arranged according to their topological place- 
ment in mt COI and ITS-2 gene trees (Figs. 4, 5). Table 2 has corresponding location codes. Letters 
in parentheses accompanying the codes indicate habitat sampled: R = river, C = creek or stream, L = 
lake, P = pond, L/C = creek mouth emptying into a lake. 
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F. fragilis ALFA F. mcneilli UMMZ 161631 


F. fragilis ALF5 


FIG. 7. Comparative photographs of a representative Ferrissia mcneilli specimen sampled by L. H. Mc- 
Neill at Eslava Creek, Alabama, and identified by Walker (UMMZ 161631), juxtaposed with two genotyped 
Eslava Creek, Alabama, limpets sampled by the authors and identified by them as F. fragilis. 


rissia in North America (Figs. 3-5), we were 
interested in identifying morphological attri- 
butes that could more conveniently serve this 
purpose. Differentiating adult members of the 
F. rivularis/F. parallella clade was easy because 
their maximum body size (€ 9 mm in length; Fig. 


F. rivularis 


6) was much larger than the predominantly F. 
fragilis clade members we genotyped (< 3.5 
mm in length; Fig. 6), consistent with Tryon's 
(1863) description of F. fragilis as being “much 
the smallest of our species". This still leaves 
the difficulty of identifying the cladal affinities 


FIG. 8. Comparative drawings (lateral and dorsal views) and photographs (dorsal views) of representa- 
tive similar-sized Ferrissia rivularis and F. fragilis specimens that were sampled sympatrically from a 
Crystal Lake tributary in Benton Co., Arkansas (ARL) and then genotyped (Figs. 3, 5). Note that the F 
fragilis specimen was distinguished by an eccentric apex that was depressed, positioned posterior to 
the shell summit, and posteriad. 
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TABLE 3. Apical descriptions of the nominal taxa present in our predominantly Ferrissia fragilis clade 


(Figs. 3-5). 
Taxa Salient Apex Characteristics Author 
F. fragilis "elevated, acute, curved backwards, with about 2/3rds of the Tryon, 1863 
shell anterior to it" 
F. walkeri "excentric...decidedly more so than in A. rivularis...summit of Pilsbry & Ferriss, 


the shell is in front of the somewhat depressed apex” 


F. michiganensis "the greatest height being about in the center of the shell, Winslow, 1923 
(syn. F. walkeri by — from which point it slopes slightly towards the apex....apex 
Basch, 1963a) slightly depressed, excentric, turned toward the right side" 
F. mcneilli "prominent, sub-acute, somewhat obtuse, eccentric..." Walker, 1925 
(lateral-view figure shows that summit of shell is in front of 
depressed apex) 
F. sharpi “well behind the middle and well to the right of the median Hubendick, 1967 


line...inclined to the right and posteriad" (lateral-view figure 
shows that summit of shell is in front of depressed apex) 


of smaller-bodied (€ 4 mm in length) North 
American Ferrissia specimens. 

Detailed descriptions of the nominal taxa 
present in our predominantly Ferrissia fragilis 
clade (Figs. 3-5) agree on a number of po- 
tentially useful distinguishing features of the 
shell apex (Table 3). These include a more 
pronounced apex eccentricity (relative to F. 
rivularis) in addition to a depressed/poste- 
riad orientation associated with its positioning 
posterior to the shell summit. These features, 
especially the latter, are apparent in the type 
material of nominal F. fragilis, F. walkeri, and 
F. mcneilli (Fig. 2), as well as in our voucher 
material of genotyped F. fragilis, F. sharpi, and 
near-topotypic putative F. walkeri and F. mcneilli 
(Fig. 6). Although this appeared promising, the 
most meaningful test necessarily entailed sym- 
patric populations: could we predict Ferrissia 
cladal membership based on apical differences 
of co-occurring similarly-sized limpets? Two of 
our sampling sites (ARL and MAS) contained 
limpets from both clades (Fig. 1; Table 2) and 
two distinctions were evident among their 
respective shell phenotypes. First, F fragilis 
clade member shells were (as the specific 
name implies) more fragile than that of sym- 
patric F. rivularis clade members, and many 
of the former were inadvertently damaged by 
routine handling during sampling and/or tissue 
extraction. Second, although there was some 
minor individual variation, adult F. fragilis clade 
members had apices (protoconchs) that were 
typically positioned just posterior to the shell 
summit (at the shell summit for F. rivularis clade 


members) and that were consistently more 
eccentric, depressed and posteriad in orienta- 
tion than those of similarly-sized sympatric F. 
rivularis clade members (Fig. 8). 


DISCUSSION 


Our primary phylogenetic result was consis- 
tent for all three genetic markers: two highly 
distinctive Ferrissia clades, each encompass- 
ing multiple nominal species, were widely 
distributed across North American watersheds. 
In a major departure from Basch's (1963a) 
taxonomic scheme, both clades lacked discrete 
habitat demarcations and occurred in both 
lentic and lotic habitats. 

Nominal Ferrissia rivularis and F. parallela 
specimens shared individual genotypes for 
all three markers and exhibited geographic, 
rather than taxonomic, genetic structuring. 
Our data therefore strongly indicated that the 
two nominal taxa represent lotic (F. rivularis) 
and lentic (F. parallela) ecophenotypes of the 
same limpet species. Ferrissia rivularis (Say, 
1817) has priority over F. parallela (Haldemann, 
1841), and we recommend that the latter taxon 
be reclassified as a F. rivularis junior synonym. 
This result was not entirely surprising. because 
Basch (1983a) regarded F. parallela as "a direct 
descendant of F. rivularis”. However, we cannot 
be confident that lentic environments represent 
derived habitats for F. rivularis, because, at 
present, we lack convincing sister lineages for 
this North American species that would allow 
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us to infer a plesiomorphic habitat type. 

The recovery of east-west genetic structuring 
in our sampled F. rivularis populations for mt 
COI and, to a lesser extent, for nuclear ITS-2, 
was consistent with the presence of a long-term 
barrier to gene flow, presumably along the con- 
tinental divide. Nevertheless, our discovery of 
limpets bearing Eastern genotypes in one of the 
Western populations indicated that this barrier 
has been secondarily breached in an east-to- 
west direction, possibly via human agency. 
Preliminary genetic characterization of the 
genetically mixed east/west population (ORL) 
did not recover evidence of introgression, for 
example, cyto/nuclear disjunction. However, 
this does not necessarily imply that the two 
morphologically indistinguishable lineages 
are reproductively incompatible because our 
sample sizes were small and some ancylinids 
reproduce predominantly by self-fertilization 
(Stadler et al., 1993, 1995; Dillon & Herman, 
2009). The geographically widespread Euro- 
pean anoylinid Ancylus fluviatilis encompasses 
a cryptic species complex containing multiple 
reproductively isolated lineages (Pfenniger et 
al., 2003; Albrecht et al., 2006). Future in-depth 
research of continental F. rivularis populations 
may well support a similar conclusion, but at the 
present state of our knowledge, we consider it 
most useful to classify the observed east-west 
genetic structuring as within-species phylogeo- 
graphic variation. 
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Nominal Ferrissia fragilis, F. sharpi and puta- 
tive F. mcneilli and F. walkeri specimens shared 
individual genotypes (Figs. 3—5) and exhibited 
overlapping shell phenotypes (Figs. 6, 7; Table 
3). These results led us to conclude that they 
are all conspecific and to reclassify F. sharpi 
(Sykes, 1900) and F. walkeri (Pilsbry & Ferriss, 
1907) and F. mcneilli Walker, 1925, as junior 
synonyms of F. fragilis (Tryon, 1863). 

Ferrissia fragilis has a most interesting, multi- 
layered biogeography. Our mt COI gene trees 
recovered a robust sister relationship with an 
Australian Ferrissia (Pettancylus) sp. (Fig. 
4), thereby corroborating the preliminary Old 
World phylogenetic linkage of F. fragilis with 
an African sample of Ferrissia (Pettancylus) cf. 
clessiniana obtained for a different mt marker 
(Walther et al., 2006b, c). Within North America, 
F. fragilis, unlike F. rivularis, showed no strong 
evidence of regional cladogenic structuring, for 
example, the most common mt COI haplotype 
was present in Alabama, Michigan, and Cali- 
fornia samples (Fig. 4). However, the observed 
genetic diversity was unevenly distributed: 
southeastern (Alabama) samples were the 
most diverse and encompassed genotypes that 
placed throughout the topologies of ITS-2 and 
mt COI gene tree/network topologies (Figs. 4, 
5). Another notable feature was the presence 
of a discrete subsample of North American mt 
COI haplotypes, or near-mutational derivates, 
in European, Asian and oceanic island founder 
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FIG. 9. Drawings (lateral and dorsal views) and photographs (dorsal views) of the shells of two geno- 
typed (SCA2; Figs. 3, 5) North Saluda River F. fragilis specimens. Note that they display eccentric, 
depressed, posteriad apices that are positioned posterior to the shell summit. 
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populations (Fig. 4) that apparently stem from 
historically recent cryptic anthropogenic inva- 
sions (Walther et al., 2006b, c). In some cases, 
our expanded sampling of North American pop- 
ulations allowed us to identify putative regional 
source populations, for example, Hawaiian and 
Asian (Taiwan, Philippines) founder populations 
exclusively shared (different) haplotypes with 
Californian conspecifics (Fig. 4). 

Putting aside recent globally invasive founder 
populations, the deeper phylogenetic Old World 
ties of Ferrissia fragilis to Australian and Afri- 
can congeners (Fig. 4; Walther et al., 2006b, 
C) ostensibly contradict Hubendick's (1964) 
distinction of New World F. (Ferrissia) from Old 
World F. (Pettancylus) subgenera. However, 
Hubendick’s (1964) anatomical analysis of New 
World Ferrissia taxa was restricted to F. rivularis 
and F. parallela, and he apparently did not ex- 
amine North American populations of F. fragilis. 
Nevertheless, he did study what we now know 
to be cryptic invasive F. fragilis founder popu- 
lations in Hawaii (Hubendick, 1967; identified 
as F. sharpi) and in Europe (Hubendick, 1964; 
identified as Watsonula wautieri), both of which 
he assigned to Pettancylus. This agreement 
among molecular phylogenetic (Fig. 4; Walther 
et al., 2006b, c) and morphological diagnoses 
(Hubendick, 1964, 1967) concerning F. fragilis’ 
systematic affinities allow us to group it with the 
Old World subgenus Pettancylus. However, 
this necessitates a subgeneric name change 
because Hannibal (1912) used F. fragilis as the 
type species for his new subgenus Kincaidilla, 
and this has precedence over Pettancylus Ire- 
dale 1943. The Ferrissia subgenus Kincaidilla 
notably unites, for the first time, New World and 
Old World septum-forming Ferrissia taxa. 

Our systematic conclusions are obviously 
incongruent with Dillon & Herman's (2009) re- 
cent synonymization of F. rivularis and F. fragilis 
based on allozymic and morphometric analyses 
of two South Carolina populations. They had 
kindly forwarded exemplar specimens to us for 
genotyping, and it is important to stress that 
their allozyme analyses concurred with our 
DNA phylogenies: both populations were found 
to be conspecific. The disagreement centers on 
the taxonomic identity of one of their two study 
populations: North Saluda River. 

Dillon & Herman (2009) identified their North 
Saluda River study population as F. rivularis 
partially on ecophenotypic conchological fea- 
tures but also on the basis of habitat (a fast 
flowing stream segment). However, F. fragilis 
population-level conchological phenotypes 


span a wide vertical spectrum from depressed 
to elevated (Basch 1963a: fig. 18), and we 
now know that this species occurs in many 
lotic habitats across the continent (Table 2; 
Fig. 6). Dillon & Herman (2009) justified their 
synonymization of F. rivularis and F. fragilis on 
the presumed absence of any reliable morpho- 
logical distinction separating these two taxa. 
Nevertheless, a suite of morphological distinc- 
tions including maximum body size (Basch, 
1963a; Fig. 6), details of apical positioning 
and orientation (Table 3; Fig. 8), egg capsule 
characteristics (Basch, 1959), and the induc- 
ible ability to form a septum (Basch, 1963a; 
Richardot, 1974, 1977a, b), give grounds for 
cautious optimism that it should be possible 
to distinguish sympatric populations without 
resorting to genotyping. 

The available morphological data (body size, 
egg capsule characteristics, conchology) for 
North Saluda River specimens were consistent 
with their phylogenetic identity (Figs. 3, 5). For 
instance, their maximum length of 3.4 mm, 
(Dillon & Herman, 2009), fell comprehensively 
short of that expected for a Ferrissia rivularis 
adult year class (Basch,1963a: fig. 13). Their 
egg capsules exclusively contained single eggs 
(Dillon & Herman, 2009), a characteristic of F. 
fragilis (Basch, 1959; Mirolli, 1960; Walther et 
al., 2006b) but not of F. rivularis and F. paral- 
lela (Basch, 1959; Burky, 1971; Clarke, 1973). 
Finally, they clearly displayed the apical char- 
acteristics of F. fragilis (Fig. 9). In conclusion, 
the available phylogenetic, morphological and 
reproductive characters concur that Dillon & 
Herman's (2009) North Saluda River study 
population was F. fragilis, not F. rivularis, and 
we are therefore unable to support the pro- 
posed synonymization of these two taxa. 


ACKNOWLEDGEMENTS 


Our thanks to C. Albrecht, R. Dillon, D. Hayes, 
G. Falkner, and P. Raposeiro for forwarding 
samples, to the ANSP for the loan of type mate- 
rial, and to two anonymous reviewers for their 
helpful comments. Many colleagues provided 
valuable field assistance, including A. Bogan, 
M. Burch, W. Heard, H. Huang, P. Johnson, F. 
Kraus, B. Lin and J. Smith. J. Megahan provided 
the line drawings, L. Appleton gave photographic 
assistance and C. Churchill helped with DNA se- 
quencing. Supported by a University of Michigan 
Rackham Predoctoral Fellowship to A. Walther 
and NSF OCE-0850625 to D. O Foighil. 


44 WALTHER ET AL. 


LITERATURE CITED 


ALBRECHT, C., T. WILKE, K. KUHN & B. STREIT, 
2004, Convergent evolution of shell shape in 
freshwater limpets: the African genus Burnupia. 
Zoological Journal of the Linnean Society, 140: 
577—586. 

ALBRECHT, C., K. KUHN & B. STREIT, 2007, 
A molecular phylogeny of Planorboidea (Gas- 
tropoda, Pulmonata): insights from enhanced 
taxon sampling. Zoologica Scripta, 36: 27—39. 

ALBRECHT, C., S. TRAJANOVSKI, K. KUHN, 
B. STREIT & T. WILKE, 2006, Rapid evolution 
of an ancient lake species flock: freshwater 
limpets (Gastropoda: Ancylidae) in the Balkan 
Lake Ohrid. Organisms Diversity & Evolution, 
6: 294—307. 

BASCH, P. F., 1959, The anatomy of Laevapex 
fuscus, a freshwater limpet (Gastropoda: Pul- 
monata). Miscellaneous Publications of the 
Museum of Zoology, University of Michigan, 
108: 1—56. 

BASCH, P. F., 1960, Anatomy of Rhodacmea 
cahawbensis Walker, 1917, a river limpet from 
Alabama. Nautilus, 73: 89—95. 

BASCH, P. F., 1962a, Radulae of North American 
ancylid snails |. Subfamily Rhodacmeinae. Nau- 
tilus, 75: 97—101. 

BASCH, P. F., 1962b, Radulae of North American 
ancylid snails Il. Subfamily Neoplanorbidae. 
Nautilus, 75: 145-149. 

BASCH, P. F., 1963a, A review of the Recent 
freshwater limpet snails of North America (Mol- 
lusca: Pulmonata). Bulletin of the Museum of 
Comparative Zoology at Harvard College, 129: 
399—461. 

BASCH, P. F., 1963b, Environmentally influenced 
shell distortion in a fresh-water limpet. Ecology, 
44: 193-194. 

BURCH, J. B., 2009, Original descriptions of North 
American (north of Mexico) freshwater limpets 
(Gastropoda: Basommatophora). Malacological 
Review, 39/40: 111—154. 

BURCH, J. B., 1988, North American freshwater 
snails. Walkerana, 2: 1—80. 

BURKY, A. J., 1971, Biomass turnover, respiration, 
and interpopulation variation in the stream limpet 
Ferrissia rivularis (Say). Ecological Monographs, 
41: 235-251. 

CLARKE, A. H., 1973, The freshwater mollusks 
of the Canadian Interior Basin. Malacologia, 
13: 1-507. 

CLEMENT, M., D. POSADA & K. A. CRANDALL, 
2000, TCS: a computer program to estimate 
gene genealogies. Molecular Ecology, 9: 
1657-1660. 

DILLON, R. T. & J. J. HERMAN, 2009, Genetics, 
shell morphology, and life history of the fresh- 
water pulmonate limpets Ferrissia rivularis and 
ferrissia fragilis. Journal of Freshwater Ecology, 
24: 261—271. 

FELSENSTEIN, J., 1985, Confidence limits on 
phylogenies: An approach using the bootstrap. 
Evolution, 39: 783—791. 

FRITZ, K. M. & J. W. FEMINELLA, 2006, Differ- 
ential response of stream periphyton and inver- 


tebrate grazers to habitat modification by the 
emergent macrophyte Justica americana. Ma- 
rine and Freshwater Research, 57: 207—214. 

GOMEZ, M, l., S. BARBOSA DOS SANTOS & 
G. ROLDAN, 2004, Ancylidae from the Depart- 
ment of Antioquia — Colombia, with new records 
(Pulmonata, Basommatophora). Caldasia, 26: 
439—443. 

HANNIBAL, H., 1912, A synopsis of the Recent 
and Tertiary freshwater Mollusca of the Califor- 
nian Province, based on an ontogenetic classifi- 
cation. Proceedings of the Malacological Society 
of London, 10: 112—211. 

HILLIS, D. M. & M. T. DIXON, 1991, Ribosomal 
DNA: molecular evolution and phylogenetic 
inference. Quarterly Review of Biology, 66: 
411—453. 

HOFF, C. C., 1940, Anatomy of the ancylid snail 
Ferrissia tarda (Say). Transactions of the Ameri- 
can Microscopical Society, 59: 224—242. 

HOVINGH, P., 2004, Intermountain freshwa- 
ter mollusks, USA (Margaritifera, Anodonta, 
Gonidea, Valvata, Ferrissia). geography, con- 
servation, and fish management implications. 
Monographs of the Western North American 
Naturalist, 2: 109—135. 

HUBENDICK, B., 1964, Studies on Ancylidae. The 
subgroups. Meddelanden Från Göteborgs Musei 
Zoologiska Avdelning, 137: 1—72. 

HUBENDICK, B., 1967, Studies on Ancylidae. The 
Australian, Pacific and Neotropical formgroups. 
Acta Regiae Societatis Scientiarum et Litterarum 
Gothoburgensis, Zoologica, 1: 1—52. 

HUBENDICK, B., 1978, Systematic and compara- 
tive morphology of the Basommatophora. Pp. 
1—47, in: V. FRETTER & J. Peake, eds., Pulmo- 
nates, Vol. 2A. Systematics, evolution and ecol- 
ogy. Academic Press, London, xi + 540 pp. 

JOKINEN, E., 1978, Habitats of two freshwater 
Limpets (Ferrissia: Ancylidae) from New Eng- 
land. Nautilus, 92: 156—160. 

LEE, T. & D. O FOIGHIL, 2005, Placing the Flo- 
ridian marine genetic disjunction into a regional 
evolutionary context using the “scorched mussel” 
Brachidontes exustus species complex. Evolu- 
tion, 59: 2139-2358. 

McMAHON, R. F., 2004, A 15-year study of inter- 
annual shell-shape variation in a population of 
freshwater limpets (Pulmonata: Basommato- 
phora: Ancylidae). American Malacological 
Bulletin, 19: 101—109. 

MIROLLI, M., 1960, Morphologia, biologia e 
posizione sistematica di Watsonula wautieri, 
n.g., n.s. (Basommatophora, Ancylidae). 
Memorie dell'Istituto Italiano di Idrobiologia, 
12: 121-162. 

MORGAN, J. A. T., R. J. DEJONG, Y. JUNG, K. 
KHALLAAYOUNE, S. KOCK, G. M. MKOJI & 
E. S. LOKER, 2002, A phylogeny of planorbid 
snails, with implications for the evolution of 
Schistosoma parasites. Molecular Phylogenet- 
ics and Evolution, 25: 477—488. 

PFENNINGER, M., S. STAUBACH, C. AL- 
BRECHT, B. STREIT & K. SCHWENK, 2003, 
Ecological and: morphological differentiation 
among cryptic evolutionary lineages in freshwa- 


NORTH AMERICAN FERRISSIA 45 


ter limpets of the nominal form-group Ancylus 
fluviatilis (O.F. Muller, 1774). Molecular Ecology, 
12: 2731-2745. 

PILSBRY, H. A. & J. H. FERRISS, 1907, Mol- 
lusca of the Ozarkian fauna. Proceedings of the 
Academy of Natural Sciences of Philadelphia, 
58: 529—567. 

POSADA, D. & K. A. CRANDALL, 1998, Modeltest: 
testing the model of DNA substitution. Bioinfor- 
matics, 14: 817—818. 

PYRON, M., J. BEUGLY, E. MARTIN & M. SPIEL- 
MAN, 2008, Conservation of the freshwater 
gastropods of Indiana: historic and current dis- 
tributions. American Malacological Bulletin, 26: 
137-7151. 

RICHARDOT, M., 1974, La forme septifere de 
Ferrissia wautieri (Moll. Basomm. Ancylidae). 
Haliotis, 2: 203—204. 

RICHARDOT, M., 1977a, Ecological factors induc- 
ing estivation in the freshwater limpet Ferrissia 
wautieri (Basommatophora: Ancylidae). |. Oxy- 
gen content, organic matter content and pH of 
the water. Malacological Review, 10: 7—13. 

RICHARDOT, M., 1977b, Ecological factors induc- 
ing estivation in the freshwater limpet Ferrissia 
wautieri (Basommatophora: Ancylidae). II. Pho- 
toperiod, light intensity and water temperature. 
Malacological Review, 10: 15-30. 

RONQUIST, F. & J. P. HUELSENBECK, 2003, Mr- 
Bayes3: Bayesian phylogenetic inference under 
mixed models. Bioinformatics, 19: 1572-1574. 

RUSSELL-HUNTER, W. D., A. J. BURKY & R. 
D. HUNTER, 1981, Interpopulation variation in 
calcareous and proteinaceous shell components 
in the stream limpet, Ferrissia rivularis. Malaco- 
logia, 20: 255-266. 

STADLER, T.,"NÁ--EQEW & B. STREIT, 1999, 
Genetic evidence for low outcrossing rates in 
polyploid freshwater snails (Ancylus fluviatilis). 
Proceedings of the Royal Society of London, 
Series B, 251: 207-213. 

STADLER, T., S. WEUSNER & B. STREIT, 1995, 
Outcrossing rates and correlated matings in a 
predominantly selfing freshwater snail. Proceed- 
ings of the Royal Society of London, Series B, 
262: 119—125. 

STEWART, T. W., J. G. MINER & R. L. LOWE, 
1998, Macroinvertebrate communities on hard 
substrates in Western Lake Erie: structuring 
effects of Dreissena. Journal of Great Lakes 
Research, 24: 868—879. 

STRONG, E., O. GARGOMINY, W. F. PONDER 
& P. BOUCHET, 2008, Global diversity of gas- 
tropods (Gastropoda; Mollusca) in freshwater. 
Hydrobiologia, 595:149—166. 

SWOFFORD, D. L., 2003, PAUP*: Phylogenetic 
Analysis Using Parsimony (* and other methods), 
version 4.0610. Sinauer Associates, Sunderland, 
Massachuseetts. 


TEMPLETON, A. R., K. A. CRANDALL & C. F. 
SING, 1992, A cladistic analysis of phenotypic 
associations with haplotypes inferred from re- 
striction endonuclease mapping and DNA 
sequence data. lll. Cladogram estimation. 
Genetics, 132: 619—633. 

THIENGO, S. C., A. C. MATTOS, M. F. BOAVEN- 
TURA, M. C. LOUREIRO, S. B. SANTOS & M. 
A. FERNANDEZ, 2004, Freshwater snails and 
Schistosomiasis mansoni in the state of Rio 
de Janeiro, Brazil - Norte Fluminense mesore- 
gion. Memórias do Instituto Oswaldo Cruz, 99: 
99—103. 

THOMPSON, F. G., 1999,An identification manual 
for the freshwater snails of Florida. Walkerana, 
10: 1—96. 

THOMPSON, J. D., D. G. HIGGINS & T. J. GIB- 
SON, 1994, ClustalW: improving the sensitivity 
of progressive multiple sequence alignment 
through sequence weighting, position-specific 
gap penalties and weight matrix choice. Nucleic 
Acids Research, 22: 4673—4680. 

TRYON, G. W., 1863, Descriptions of new spe- 
cies of fresh water Mollusca, belonging to the 
families Amnicolidae, Valvatidae and Limnaei- 
dae; inhabiting California. Proceedings of the 
Academy of Natural Sciences of Philadelphia, 
19: 147—150. 

WALKER, B., 1903, Notes on eastern American 
ancyli. Nautilus, 17: 13—19. 

WALKER, B., 1925, New species of North 
American Ancylidae and Lancidae. Occasional 
Papers of the Museum of Zoology, University of 
Michigan, 165: 1-7. 

WALTHER, A. C., T. LEE, J. B. BURCH & D. Ó 
FOIGHIL, 20062, E Pluribus Unum: a phylo- 
genetic and phylogeographic reassessment 
of Laevapex (Pulmonata: Ancylidae), a North 
American genus of freshwater limpets. Molecu- 
lar Phylogenetics and Evolution, 40: 501—516. 

WACIRER, 7. C.. T. LEE, J. B. BURCH & D. O 
FOIGHIL, 2006b, Confirmation that the North 
American ancylid Ferrissia fragilis (Tryon, 1863) 
is a cryptic invader of European and East Asian 
freshwater ecosystems. Journal of Molluscan 
Studies, 72: 318—321. 

WALTHER, A. C., T. LEE, J. B. BURCH & D. Ó 
FOIGHIL, 2006c, Acroloxus lacustris is not an 
anoylid: A case of misidentification involving the 
cryptic invader Ferrissia fragilis (Mollusca: Pul- 
monata: Hygrophila). Molecular Phylogenetics 
and Evolution, 39: 271—275. 

WINSLOW, M. L., 1923, Two new freshwater 
snails from Michigan. Occasional Papers of 
the Museum of Zoology, University of Michigan, 
145: 1-4. 


Revised ms. accepted 8 February 2010 


